In recent years, many public bike rental systems have proliferated in Spain. Unfortunately, many have had to close because of their poor financial feasibility. The aim of this paper is twofold. On the one hand, a benchmarking of the main public bicycle systems in Spain is conducted, analysing the growth in the last decades, with special emphasis on successful systems and on the recently failed. In addition, the financial feasibility of some successful systems in Spain is analysed: Seville, Valencia and Barcelona. Thus, major factors directly related to the viability of such systems are discussed. A proper and correct knowledge of these factors is essential when making decisions in mobility policies. The main factors on which the management company may decide are: pricing policy (annual and weekly rate), advertising rates, and system dimensions (number of docking stations, anchors and bicycles). There are other external factors not directly controlled by the company (subscribers, occupancy rate of advertising space and system maintenance cost) but which are crucial to their feasibility. To achieve the aforementioned objectives, mobility studies in Seville (1400 surveys) and Barcelona (1000 surveys) were conducted in order to achieve more accurate parameter values (time cycling, distances, used rate, frequencies, etc.). Despite the similarities between the systems in Valencia and Seville, they have shown very different profitability. The high profitability in Valencia and Barcelona is highlighted in contrast to the case of the Seville system.
Introduction
Today, the concern about carbon emissions, transport costs and traffic congestion has increased around the world, forcing governments to design better transport strategies and infrastructures in order to reduce pollution, health problems and fuel consumption. Most of the efforts to achieve these goals are focused on encouraging urban residents to use public transport instead of private automobiles. Several cities have set 5 up public bicycle-sharing systems (BSS) to facilitate short trips within the city. A standard BSS consists of a network of bicycle stations where bicycles are docked and available for pick up. Licensed operators often use low prices or even free access to bicycles, for limited times. As of June 2014, public bike-sharing systems were available in 50 countries on five continents, including 712 cities, operating approximately 806, 200 bicycles at 37,500 stations. The countries with the highest number of systems are Spain (128), Italy (104), 10 and China (79). As of July 2013, the systems with greater market penetration are both operating in France, the Parisian Velib' with 1 bike per 97 inhabitants and Vlo'v in Lyon with one bike per 121 residents.
Bicycle sharing increases transit use, decreases personal vehicle trips, decreases gas emissions and improves public health. DeMaio [5] stated that stated that 'as the price of fuel rises, traffic congestion worsens, populations grow, and a greater worldwide consciousness arises around climate change, it will be necessary for leaders around the world to find new modes of transport and better adapt existing modes to move people in more environmentally sound, efficient, and economically feasible ways. Bicycle sharing is evolving rapidly to fit the needs of the 21st century."
Although the BSS is very attractive as an alternative form of transportation, the major challenge is its economic viability. It is difficult for a BSS operator to turn a profit based on revenues collected on bicycle 20 rides, as stated in Shu et al. in 2013 (see [14] ), where they mention that none of the existing BSSs in operation have produced a profit, and most BSSs rely on government subsidies. Actually, only 65 out of the 128 Spanish BSSs are still active. Thus, although the first BSS was founded in 1965, and these are now spread around the globe, studies of the design and management of BSSs are scarce and only began recently 
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On the other hand, public bicycle share systems (PBSS) have also seen a sharp increase in the last decade, as described by Shaheen et al. ([13] ), and are currently an important part of public policy to obtain emission reductions, reduce congestion and fuel use and support for multimodal transport connections.
As an emerging area within the transportation research field, literature on PBSS is also limited. Within this area, the repositioning problem, to ensure the availability of bicycles and locks in the stations, has 30 become the focus of attention. Kaltenbrunner et al. ([6] ) analysed the result of a consumer satisfaction study for the PBSS in Barcelona which showed the two biggest problems detected and which cause user frustration and affect feasibility: the problem of finding a bike when a user wanted to start their journey, and the problem of leaving the bike at the user's destination due to empty or full stations respectively. This is a general problem in all the PBSS, and draws a lot of attention to the problem of improving the redistribution 35 of bikes from full to empty stations. So, Kaltenbrunner used data sampled from the operator's website to detect temporal and geographic mobility patterns within the city. These patterns are applied to predict the number of available bikes for any station in any time horizon. Contardo et al. ([3] ) studied balancing a dynamic public bike-sharing system using Danzig-Wolf decomposition and Benders decomposition. Lin and Yang ([9] ) studied strategic design of public bicycle sharing systems with service level constraints, but without 40 consideration on rebalancing bicycles. Later, Lin et al. ( [10] ) added penalty costs about uncovered demand when considering the number and locations of bicycle sharing stations in the system. Sayarshad et al. ( [12] ) formulated the function maximizing the total benefit to company for the repositioning problem. Raviv et al.
( [11] ) studied the static repositioning in a bike-sharing system and proposed a penalty function representing the expected number of shortages, including loading and unloading times within a time constrained setting.
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They minimized the total cost of the system using mixed integer linear programming (MILP).
However, there are still knowledge gaps concerning who uses PBSS, what mode of transport would have been used if not using the PBSS, and whether trips generated would not have otherwise occurred, or the positive indirect effect in the economy and society as, for example, promoting the use of bicycles or improving the health of the users, some of which are studied in this paper. More specifically, three of the 50 most important Spanish PBSS are analysed in this paper using their historical data on operating cost, rates, number of bicycles, demand, docks, etc. These data are projected in order to get their expected internal return rate for a time horizon of 20 years (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) (2019) (2020) (2021) (2022) (2023) (2024) (2025) (2026) .
The rest of the paper is organized as follows. Section 2 presents a benchmarking of Spanish bike-sharing systems, and Section 3 provides the methodology used and some general features about their feasibility.
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Finally, Section 4 presents the internal return rate obtained for the three Spanish systems analysed, while Section 5 summarizes the paper and discusses future work.
Benchmarking of Spanish Public Bike Systems
Below we shall present the main data compiled by Esther Anaya and Alberto Castro for "Observatorio de la bicicleta pública en España" (visit [1]) in relation to: 4. Analysis of supply levels in 3 Spanish systems (Barcelona, Valencia and Seville) and 6 foreign cities (Brussels, Dublin, Stockholm, Lille, London and Stuttgart).
2.1. Number and age of bike-sharing systems As can be seen in Figure 1 , there are currently 65 public bicycle systems operating in Spain. Therefore, from the first experience, in 2003, half of the 128 systems implemented have survived, with 2010 being the year in which the number of systems began to decrease. The greatest net reduction was registered in 2012. The decreasing trend began in 2010 and continues today. The possible causes of the closing of 50% of the 70 public bicycle systems in the latter years could have been the excess of confidence in their introduction, the bad planning of the costs associated with the system and the economic crisis.
With respect to the age of these systems, in 2014 most of the public bicycle systems in operation had between 3 and 8 years of life (5.7 on average). With regard to the systems that have already disappeared, the majority lasted less than 4 years, with the average duration being 3 years. Note that more than 25% 75 of the disappeared public bicycle systems closed in less than 2 years. These premature closures denote a possible lack of planning and previous evaluation of the project, especially if the causes of the closure were foreseeable (for example, maintenance costs or lack of actual resolve). Figure 2 shows that both the number of bicycles and stations have grown almost permanently, increasing 80 from 5, 000 bicycles and 800 stations in 2008, to 25, 000 bicycles and 2,000 stations in 2014, in spite of the closure of 50% of the systems as previously commented. This is because the active systems increased their size considerably or the sizes of new systems were much greater than those that closed. In addition, the missing systems had an average of 6 stations, whereas the active systems have 32. Therefore, it can be said that, in Spain, a portfolio filled with small systems has changed to one more populated by those of medium 85 size. As will be seen later, most of the closed systems belonged to small cities.
Bikes and stations of bike-sharing systems

Population and impact
As shown again in [1], the municipalities of between 20, 000 and 50, 000 inhabitants have lodged the greater number of public bicycle systems in Spain. Nevertheless, the smaller the municipality, the lower has been the probability of survival. At the present time, few public bicycle systems remain in small 90 municipalities while most of them are in municipalities of between 50, 001 and 100, 000 inhabitants. These results confirm that the municipalities with less inhabitants have seen the most closures of public bicycle systems. Probably the economic crisis together with a lower budget in these municipalities has, in many cases, made the project economically unviable. In other cases what may have occurred is that the smaller size of the locality encouraged making the trip on foot rather than by bicycle. Source: "Observatorio de la bicicleta pública en To reliably measure the impact that a public bicycle system has in a municipality, and to make use of the available data, the authors chose to compare the number of daily loans per 1, 000 inhabitants, getting the greater impacts in Barcelona, Valencia and Seville. For this reason, these are the three cities that were analysed in detail in the next sections.
Supply Analysis
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Finally, the three selected Spanish systems (Barcelona, Valencia and Seville) are compared against 6 other representative European cities. In Table 1 , stations and bicycles per square kilometre show elevated densities in the cities of Barcelona, Brussels, Lille, Valencia and Seville, both in terms of the number of stations as well as bicycles per square kilometre:
General considerations on the viability. Methodology
Analysing the financial viability of a public bicycle system is a complex task involving different factors, all of which are interdependent. Tariffs, number of bicycles, infrastructure and the number of subscribers are clearly linked, but other macroeconomic factors (such as the present context of economic crisis) may also negatively affect the number of subscribers and, for example, the income through publicity.
In short, and focusing on the main case of the financial viability of a public bicycle system, it can be 110 concluded that the profitability depends on the following 6 factors (obviously they are not independent and the variations in some affect the others): 3 factors controlled by the Administration or the managing company and another 3, more uncertain, external factors. The equation that relates them is: Those controlled by the Administration, usually agreed with the private concessionaire that manages the system, are:
1. Rates. The tariffs of the public bicycle systems are complex to accommodate the variety of users of these systems. However, the tariff by annual subscription is undoubtedly the most determinant because it represents most of the income for this factor. 2. Size of the system. Another key factor in determining the viability of the system is the number of bicycles. From the point of view of the user, the more bicycles the better. On the contrary, from the 120 point of view of the manager, the more bicycles the greater are the operation and maintenance costs. Therefore it is important to find a balance in this factor. 3. Subsidies. The systems in Seville (Sevici) and in Valencia (Valenbisi), are managed by JCDecaux in exchange for a temporary assignment of various advertising spaces. When a public bicycle system is put out to tender, it is key to determine and agree the number of advertising elements. If a high 125 number of spaces are offered, the concessionaire will obtain a high profit with which to manage the system, whereas if few spaces are ceded, losses can easily be made, increasing the tensions between both parties. In the case of Barcelona (Vodafone-Bicing), the City Council of Barcelona manages the publicity and subsidises the system to balance the annual accounts of Vodafone-Bicing.
The uncertain external factors are: 130 1. Subscribers. As will be seen later, the subscribers to these bicycle systems contribute approximately 33% of the income, which is why these systems are unviable without them. Also, the number of subscribers depends to a great extent on the tariff to be paid, as well as on other factors relating to the quality of the system (bicycle tracks, availability of bicycles, maintenance). 2. Operating and maintenance cost. This it is undoubtedly the most important factor of all, and also the 135 most difficult to estimate. The managers of Vodafone-Bicing are the only ones that have published values for this cost, approaching 2, 700 euros/year/bicycle (see [7] ). In this study, starting with the hypothesis that the three analysed systems are viable, we will conclude that the annual cost per bicycle is around 2, 000e. 3. Advertising revenue. This is another important factor of which some maximum values are known since 140 JCDecaux published its tariffs on its Web page. The present context of economic crisis has caused a remarkable reduction in income through this factor.
Next, other important data on various Spanish public bicycle systems will be presented to understand them as determining behaviour patterns that help to model them, to analyse them and to eliminate as much uncertainty from their data as possible. Thus, the conditions will be determined that must occur to help 145 the managers to respond to the classic questions that arise when it is desired to implement a system: 1. How many citizens will use the new system? How many subscribers are needed to guarantee profitability? 2. How will we charge for bicycle usage? What tariff is most appropriate? 3. How many bicycles will we install? 4. How many advertising spaces will be made available, if applicable?
The first data shown in Table 2 are: Name of the city (City column) and its name (System Name column), population (Population column), number of bicycles and stations (NBikes and NStat columns, respectively), annual rate in euros (AR column) and subscribers in 2014 (Subs. column). From all this it follows a common value for Seville and Barcelona (6% approx.) regarding the percentage of annual subscribers with respect 155 to the population, see Table 3 . Similar values also appear for Castellón and Zaragoza. However, this 6% value is not common to all the cities, as the number of subscribers also depends on the annual tariff of the system (which can explain 10.88% in Valencia whose annual tariff is only 27.12e, clearly inferior to Seville and Barcelona). Therefore, we calculated the income by subscribers and inhabitants (column Inc/Pop in Table 4 ). This calculation obtains the most stable pattern for the analysed cases. Values 160 in the range of 2e − 3e per inhabitant are repeated in those cases of success. Since the values nearest 2e are given in the cities with a clear reduction of subscribers in recent months and whose profitability is low, we will henceforth suppose a value of 2.5e as the minimum value to guarantee the viability of these systems. Later we will simulate the profitability of the systems of Seville, Valencia and Barcelona under this hypothesis.
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As mentioned previously, finding a balance in the number of bicycles per inhabitant is fundamental due to the associated high cost of maintenance. Table 5 again shows a very stable value: 300 inhabitants for each bicycle (see Pop/NBikes columns).
The two last values used to make or simulate a comparative between Seville, Valencia and Barcelona are:
• Operating and maintenance cost. After analysing the cases of Seville, Valencia and Barcelona, the 170 official data published by Vodafone-Bicing ( [7] ) and various meetings held with JCDecaux, we considered the cost of operation, maintenance and amortisation to be 2, 000e per bicycle per year. When we later assume that the managers want an average annual profitability of 10%, the value of 2, 200e will be taken.
• Advertising revenue. According to data provided by JCDecaux in its Web page, and taking into account that generally 50% of the advertising spaces are ceded to the Administration, income for each billboard is estimated at 160e per week. In the case of Vodafone-Bicing (Barcelona), we will use the equivalent of the subvention received in 2011 (11 million euros). Taking into account the previous parameters, the following comparison is obtained for the three systems. First, the expected income (see Table 6 ) and the maximum number of bicycles that will be able to be 180 maintained with these incomes (Max. NumBikes column in Table 7) .
If the maximum number obtained is compared with the actual number of bicycles, a deficit is generated that is usually compensated with the assignment of advertising spaces. Tables 8 and 9 estimate both the deficit and the volume of advertising spaces for the three analysed cases.
In reality, both Seville and Valencia have more advertising spaces than those shown in Table 9 , and
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Barcelona receives a subvention greater than the deficit shown. This generates the profits shown in Table  10 (we considered 1,560 spaces the equivalent to the subvention received by Vodafone-Bicing of 11 million e.). The main conclusion obtained from these simulations is that unifying the key parameters that determine the viability of the systems (income by subscriptions and publicity) and leaving the characteristic data of the systems (bicycles, advertising spaces and inhabitants) that model the profitability, both the systems of Valencia (Valenbisi) and Barcelona (Vodafone-Bicing) generate high expected profitability, whereas the system of Seville (Sevici) is slightly above 6% profitability.
Moreover, if the rental volume in 2013 is taken into account, we obtain the following ratios of contribution per trip made. Table 11 shows the cost for the user (Subs. Cost column) and for the Administration (AdCost 195 column) per trip made. Consequently, it is estimated that under the hypothesis of equity in income per inhabitants (2.5e per inhabitant), the unit cost per trip will rise to 0.68e, 1.24e and 0.61e for Seville, Barcelona and Valencia, respectively. Taking into account what both contribute (user and Administration), these successful systems present similar proportions in the ratios per trip made close to 1/3 by the users and 2/3 by the Administration (whether by ceding advertising space or by means of subventions). In the 200 following section, these values will be compared with the actual data collected from the three systems.
Financial feasibility of the Spanish BSS
Once the comparison of the three public bicycle systems is made under a hypothesis of equity and average efficiency, that is, under the hypothesis that all of them collect the same ratio of euros per inhabitant, they will be analysed in depth. As before, the 6 variables that shape the system will be analysed.
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City
Max. NBikes Current bikes Shortage Barcelona 2,026 6,000 -7,947,500e Seville 875 2,600 -3,450,000e Valencia 1,000 2,750 -3,500,000e 
Number of subscribers
With respect to the number of subscribers, Table 12 shows the actual evolution of the number of subscribers (2007-2014) and estimated econometric linear regression models (2015-2027). These estimations are corrected in those anomalous cases under the following supposition. It is well-known, and as is happening in most of the public bicycle systems in Spain, that after reaching high levels of subscribers in 2011 and 210 2012, both the shift from public to private bicycle usage and the present crisis, have caused reductions in the number of subscribers of about 20%. Also, this reduction could be explained by the increase of the tariffs. We will suppose that the actual subscriber number becomes stabilised and in the next few years will be increased slightly by around 1% per annum.
Annual tariff
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The evolution of the annual tariff for the period 2007-2027 presents less uncertainty. In the case of the Seville system, these tariffs were decided with JCDecaux and the Planning Department of Seville Council at 62.50e per annum in 2027. For Valencia and Barcelona they have been updated considering a Consumer Price Index (CPI) of 3% (see Table 13 ):
Number of bicycles
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As can be seen in Table 14 , there are only slight variations in the analysed period, these systems having arrived at the desired number that they considered optimal. It should be remembered that the value of 300 inhabitants per bicycle was previously proposed as most appropriate.
Income through publicity and other aids
The systems of Seville (Sevici) and Valencia (Valenbisi) are both managed by JCDecaux in exchange for 225 the assignment of 460 and 600 advertising spaces, respectively (in addition to other smaller spaces). In the previous section, a weekly average income through advertising spaces of 160e was considered. Again, this value is updated considering a CPI of 3%. In the case of Barcelona (Vodafone-Bicing), this has received different subventions from Barcelona Council. 
Annual cost per bicycle
As mentioned previously, an annual cost of maintenance and amortisation of the initial investment of 2, 000e per bicycle is estimated, without considering the profitability of the systems. If it is required to incorporate, for example, a profitability of 10% of this cost, a cost per bicycle of 2, 200e could be supposed. 
Feasibility
The Internal Rate of Return (IRR) was estimated for the three analysed systems: Seville (Sevici), Valencia (Valenbisi) and Barcelona (Vodafone-Bicing). In addition, we analysed the sensitivity of the internal return rate to the most important parameter: the cost of operations and maintenance.
Seville-Sevici
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According to the evolution of the previous parameters, the public bicycle system in Seville (Sevici), displays an IRR of 6.72%, slightly superior to the 6% that is commonly considered as the minimum level of profitability. This value coincides with the one simulated in the above section (see Table 10 ). Moreover, Table 15 shows the sensitivity of the IRR to the annual cost per bicycle. 
Valencia-Valenbisi
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The case of Valencia (see Table 16 ) is remarkable in that, in spite of its similarities with Seville (in inhabitants and number of bicycles), it presents great differences consisting of: greater number of subscribers and more advertising spaces ceded. For all that, it is a good example to compare with Seville. In this case, the IRR obtained for Valenbisi is 64.04% for a cost of 2, 200e.
Barcelona-Vodafone-Bicing
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In this case it is not possible to calculate the IRR due to the system of financing of the system by means of subventions. What has been able to be estimated, according to the costs declared by the managers of Vodafone-Bicing themselves, is an annual profitability for the period 2009-2011. These returns are 23%−43%, as indicated in Table 17 .
Unit cost
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In order to conclude with the results section, it is of great interest for the managers and administrators of public transport to be able to compare the unit cost per trip made.
Seville-Sevici
The unit cost per trip for the system implemented in Seville was estimated to be 1.20e at the end of 2014, 0.44e being contributed by the user and 0.76e by the Administration (by means of the assignment of 260 advertising space). This distribution represents proportions of 37%−63%. The unit cost and the proportions are expected to evolve as shown in Figure 3. 
Valencia-Valenbisi
With respect to the system of Valencia, the unit cost per trip is 1.55e, with 0.57e contributed by the user and 0.98e by the Administration. This distribution represents proportions of 36.7% − 63.3% The unit 
Conclusions
The implementation of public bicycle rental schemes has rapidly become widespread in Spain since the year 2004, following the success of the pilot programme in Vitoria-Gasteiz, one of the first cities to incorporate the bicycle into the public transport system, both in a comprehensive and intermodal sense. This has led to a large amount of controversy as, in the 75 systems implemented in Spanish cities, few have had a clear 275 repercussion on mobility. Some said these were very good, others that they were very expensive. However, we could not find any scientific studies that rigorously evaluated how good or how expensive. For those reasons we decided to fill this gap, and struggling against the lack of openness, along with the support of a team of concerned experts and friends, we carried out a quantitative evaluation through the use of common transport analysis tools. Some interesting conclusions were reached in the case of the public bicycle rental 280 scheme in Seville and Valencia which, along with that in place in Barcelona, are the systems that have had the greatest repercussion in terms of mobility (these cases can be deemed a success).
The main results we obtained were twofold: The first is the detection of several hidden patterns/parameters associated with the viability of public bike-sharing systems in Spain. Thus, the Internal Return Rate is calculated for the three major systems: Seville (Sevici), Valencia (Valenbisi) and Barcelona (Vodafone-Bicing).
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The second is of an economic nature, and shows that the balance between the cost involved with each journey by bicycle and the provision of funds by the Public Sector Administration (understood in the case of Seville as the contribution provided through the concession of the development of advertising spaces, a different model to that used in Barcelona) is similar to the aforesaid balance in the urban transport network to have a major added value.
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